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ABSTRACT Warren and Root (19631, where t h r e e  or thogonal  
f r a c t u r e  sets o f  equal  spacing a r e  used. S imi la r  
t u r e s  a r e  repor ted  by Lauwerier (19551, Bodvarsson 
(19691, and Bodvarsson and Tsang (1982). The 
o b j e c t i v e  of  t h e  present  work is t o  extend t h e i r  
work to  inc lude  t h e  e f f e c t s  of  v e r t i c a l  f r a c t u r e s  
and to  develop a methodology f o r  t h e  des ign  of 
i n j e c t i o n  schemes f o r  n a t u r a l l y  f r a c t u r e d  geo- 
A semi-ana ly t ica l  model f o r  s t u d i e s  of  cold work on non-isothermal flow i n  h o r i z o n t a l  f rac-  
v a t e r  i n j e c t i o n  i n t o  n a t u r a l l y  f r a c t u r e d  reser- 
v o i r s  has  been developed. 
to  d e s i g n  t h e  flow r a t e s  and l o c a t i o n  of  i n j e c t i o n  
wells i n  such systems. The r e s u l t s  ob ta ined  using 
. t h e  model show t h a t  i n i t i a l l y  t h e  co ld  v a t e r  will 
move v e r y  r a p i d l y  through t h e  f r a c t u r e  system away 
from t h e  well. L a t e r  on, conduct ive  h e a t  t r a n s f e r  thermal  r e s e r v o i r s .  
from t h e  rock mat r ix  blocks w i l l  r .etard t h e  
advancement of  t h e  co ld  water  f r o n t ,  and event- BASIC MODEL 
u a l l y  uniform energy sweep c o n d i t i o n s  w i l l  
p r e v a i l .  
a r e  reached t h e  co ld  v a t e r  movement avay from t h e  
i n j e c t i o n  well w i l l  be i d e n t i c a l  t o  t h a t  i n  a 
porous medium; consequent ly  maximum energy re- 
covery from t h e  rock matr ix  w i l l  be a t t a i n e d .  
t i m e  of uniform energy sveep and t h e  r a d i a l  
d i s t a n c e  from t h e  i n j e c t i o n  well where i t  occurs  
a r e  g r e a t l y  dependent upon t h e  f r a c t u r e  spac ing ,  
bu t  independent of  t h e  f r a c t u r e  
The model can be used 
Where uniform energy sveep c o n d i t i o n s  Ihe model used i n  t h i s  s tudy  is shown i n  
F igure  1. 
blocks  bounded by t h r e e  s e t s  of  or thogonal  
f r a c t u r e s .  Steady s ta te  f l u i d  flow is  assumed i n  
t h e  f r a c t u r e s ,  but  f u l l y  t r a n s i e n t  conduct ive hea t  
t r a n s f e r  between t h e  impermeable rock mat r ix  and 
t h e  f r a c t u r e s  is considered.  Thus, t h e  co ld  water 
w i l l  flow from t h e  i n j e c t i o n  w e l l  i n t o  t h e  frac-  
t u r e  network, and a s  it moves away from t h e  e l l ,  
i t  w i l l  g radual ly  g e t  heated up due to  t h e  hea t  
t r a n s f e r  from adjacent  mat r ix  blocks.  
It c o n s i s t s  of  r e c t a n g u l a r  mat r ix  
The 
* INTRODUCTION 
The equat ion  f o r  conduct ive h e a t  t r a n s f e r  
Various t h e o r e t i c a l  s t u d i e s  have shown t h a t  betveen t h e  mat r ix  blocks and t h e  f r a c t u r e s  is 
der ived  based on t h e  b a s i c  element shown i n  Figure 
2. The b a s i c  element r e p r e s e n t s  1/6 of  a s i n g l e  
cube is considered (1-Dimensional approach). In 
t h i s  approach we assme t h a t  t h e  thermal g r a d i e n t s  
a r e  much smal le r  w i t h i n  t h e  f r a c t u r e  network. than 
i n  t h e  rock matr ix .  Thus, i f  t h e  temperature  i n  
t h e  f r a c t u r e s  bounding a mat r ix  block is r a t h e r  
i n j e c t  ion of  water i n t o  geothermal r e s e r v o i r s  
d u r i n g  e x p l o i t a t i o n ' c a n  g r e a t l y  enhance t h e  
energy recovery from the  resource.  I n j e c t -  mat r ix  b lock  (cube) ,  i .e.  only one face  of  t h e  
ion vi11 h e l p  maintain r e s e r v o i r  p r e s s u r e  and 
provide water t h a t  w i l l  e x t r a c t  energy from t h e  
r e s e r v o i r  rocks. However, exper ience  gained 
through c o m e r c i a 1  s c a l e  r e i n j e c t i o n  h a s  shown 
t h a t  t h e  i n j e c t i o n  o p e r a t i o n  must be  c a r e f u l l y  
designed.  
of  produced f l u i d s  a t  s e v e r a l  Japanese f i e l d s  
due t o  i n j e c t i o n .  This  i n t e r f e r e n c e  is  a t t r i b u t e d  
t o  r a p i d  flow of  t h e  i n j e c t e d  "cold" water  through 
< f r a c t u r e s .  a r  evidenced by high t r a c e r  v e l o c i t i e s .  
On t h e  o t h e r  hand commercial s c a l e  i n j e c t i o n  has  
been s u c c e s s f u l  a t  o t h e r  geothermal f i e l d s  such as 
t h e  Geysers, U.S. and Ahuachap&, E l  Salvador .  
This  i n d i c a t e s  t h a t  fundamental s t u d i e s  of cold 
water  movement in  f r a c t u r e d  geothermal r e s e r v o i r s  
a r e  needed, before  confidence i n  t h e  des ign  
o f  commercial r e i n j e c t  ion opera t  ions can be 
est ab1 ished. 
Horne (1981) r e p o r t s  e n t h a l p y  d e c l i n e  
In t h i s  s tudy t h e  problem of  co ld  water 
i n j e c t  ion i n t o  n a t u r a l l y  f r a c t u r e d  r e s e r v o i r s  is 
considered.  The basis model used is chat of (1963). 
Figure 1. Idea l ized  model of n a t u r a l l y  f r a c t u r e d  
r e s e r v o i r s  ( a f t e r  Warren and Hoot 
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Element The r e a l  parameters  i n  e q u a t i o n s  4 a r e  def ined  i n  
t h e  Nomenclature. 
The s o l u t i o n  o f  e q u a t i o n s  (1-3) can be ob- 
t a i n e d  i n  t h e  Laplace domain a s  (Bodvarsson and 
L e i ,  1982): F igure  2. 1-Dimensional approximation of  hea t  
conduction i n  rock mat r ix  blocks.  
uniform, a h e a t  conduct ion equat ion  based on t h e  
b a s i c  element (Fig.  2)  is a reasonable  approxima- 
t i o n .  We have v e r i f i e d  t h i s  approach by comparing 
our model t o  a 3 4 i m e n s i o n a l  s o l u t i o n  ( L a i  and 
Bodvarsson, 1982). The approach descr ibed  above 
is q u i t e  s i m i l a r  t o  t h e  one employed i n  t h e  
"Mult iple  I n t e r a c t i n g  Continuum" Method (HINC) 
f o r  numerical  modeling of  hea t  and f l u i d  flow i n  
f r a c t u r e d  porous media (Pruess  and Narasimhan, 
1982). 
Equat ions ( 5 )  and (6)  are inver ted  us ing  a n m e r -  
i c a l  method developed by S t e h f e s t  (1970). 
RESULTS 
It is of  primary i n t e r e s t  i n  t h i s  s tudy t o  
examine t h e  r a t e  wi th  which t h e  "cold" water  f r o n t  
advances away from the  i n j e c t i o n  w e l l  dur ing  
i n j e c t i o n .  lhis information is  u s e f u l  i n  t h e  
d e s i g n  of  t h e  s a f e  l o c a t i o n  and rates of i n j e c t i o n  
vells i n  r e l a t i o n  t o  t h e  product ion  w e l l s .  We 
w i l l  d e f i n e  t h e  thermal  f r o n t  (co ld  water  f r o n t )  
as t h e  locus  o f  p o i n t s  wi th  temperature  being t h e  
average of  t h e  i n i t  i a l  temperature  of  t h e  r e s e r -  
voir  (To) and, t h e  temperature  of t h e  i n j e c t e d  
water  T i  ( T m  = l/P[To+Ti]). 
d imensionless  r a d i a l  d i s t a n c e  6 of  t h e  thermal 
f r o n t  from t h e  well is p l o t t e d  a g a i n s t  dimension- 
less time T f o r  v a r i o u s  v a l u e s  of 6 .  The para- 
meter 8 r e p r e s e n t s  t h e  r a t i o  o f  t h e  average f rac-  
t u r e  a p e r t u r e  ( b )  t o  t h e  r e s e r v o i r  th ickness  (H). 
In  most c a s e s  r e a l i s t i c  v a l u e s  o f  0 l i e  i n  t h e  
I n  Figure 3 t h e  
UATHEMATICAL DEVELOPMENT 
' In  dimensionless  form t h e  governing equa- 
t i o n s  f o r  t h e  temperatures  i n  t h e  f r a c t u r e s  (T2) 
and t h e  rock  mat r ix  (TI) a re :  
F r a c t u r e s  (n = 1): 
l o * ,  , , , , , , , , 
(3b)  
(3c)  
The dimensionless  parameters in  equat ions  (1-3) 
a r e  def ined  as :  
T - T. & A t  T 
Figure 3. Type curves f o r  thermal  f ront  movement 
in n a t u r a l l y  f r a c t u r e d  r e s e r v o i r s .  
T =- 
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'range of 10-5 - 10-8. 
f o r  a given va lue  of t ) ,  t h e  r a d i a l  l o c a t i o n  of t h e  
tliarlnal f ront  (co ld  water f ront  in  t h e  f r a c t u r e s )  
away froni t h e  i n j e c t i o n  w e l l ,  a t  any given time. 
I f  one follows t h e  advancement of t h e  thermal 
f r o n t  f o r  one va lue  of  e ,  s a y  e = 10-5, one can 
see t h r e e  d i f f e r e n t  r a t e s  of advancement. A t  
e a r l y  times when conduct ion hea t  t r a n s f e r  from t h e  
rock matr ix  is n e g l i g i b l e ,  t h e  f r o n t  moves as 
rZ/t away from t h e  i n j e c t i o n  wel l .  During t h i s  
per iod t h e  thermal f r o n t  moves i n  t h e  f r a c t u r e s  
o n l y ,  in an analogous manner t o  a s i n g l e  r a d i a l  
s y s t e m  with insu la ted  upper (caprock)  and lower 
(bedrock) boundaries ,  and a t h i c k n e s s  correspond- 
, ing t o  t h e  average f r a c t u r e  a p e r t u r e .  Bodvarsson 
(1972) has  der ived  an express ion  f o r  t h e  movement 
of t h e  thermal f r o n t  in  t h i s  case. A t  i n t e r -  
mediate t imes,  t h e  s l o p e  i n  F igure  3 d e c r e a s e s  
by h a l f ,  and consequent ly  t h e  advancement of  t h e  
thermal f r o n t  is p r o p o r t i o n a l  t o  r4/t .  During 
t h i s  per iod t h e  conduct ive  h e a t  t r a n s f e r  between 
t h e  rock mat r ix  and t h e  f r a c t u r e s  dominates, re- 
s u l t i n g  i n  a much slower movement of t h e  thermal  
f r o n t  away from t h e  i n j e c t i o n  w e l l .  The l a r g e  
hea t  t r a n s f e r  causes  a very  slow movement o f  t h e  
thermal f r o n t  i n  t h e  f r a c t u r e s ,  but  r a p i d  ex- 
t r a c t i o n  of  hea t  from t h e  rock  m a t r i x  
The f i g u r e  a c t u a l l y  sho;s 
4 
F i n a l l y ,  a t  very l a te  t i m e s  (I 1. 1.01, t h e  
thermal  f r o n t  aga in  advances a t  a r a t e  propor- 
t i o n a l  t o  d / t .  
h e a t  t r a n s f e r  between rock  m a t r i x  and t h e  f rac-  
t u r e s  h a s  been reached,  and consequent ly  t h e  
thermal  f r o n t  w i l l  move as i f  o n l y  8 porous medium 
was present  i.e. independent o f  t h e  f r a c t u r e  
n a t u r e  o f  t h e  r e s e r v o i r .  Kowever, i n  c o n t r a s t  t o  
t h e  e a r l y  time behavior ,  t h e  thermal  f r o n t  now 
moves at t h e  same r a t e  i n  t h e  f r a c t u r e s  as i n  t h e  
rock matr ix .  
A t  t h i s  t i m e  quasi-s teady s t a t e  
I n  order  t o  e x p l a i n  t h i s  more f u l l y  F igures  
The f i g u r e s  show t h e  time 4-5 were cons t ruc ted .  
sequence of t h e  dimensionless  temperature  p r o f i l e s  
away from t h e  i n j e c t i o n  wells i n  t h e  f r a c t u r e s  and 
t h e  rock mat r ix  f o r  a given  v a l u e  of  8.  The 
dimensionless  temperature  o f  TD = 1.0 r e p r e s e n t s  
t h e  temperature  of t h e  i n j e c t e d  water ,  whereas t h e  
dimensionless  temperature  TD = 0.0 corresponds 
to  t h e  i n i t i a l  r e s e r v o i r  temperature .  Temperature 
p r o f i l e s  a r e  given f o r  t h e  f r a c t u r e s  (n = 1.01, 
t h e  c e n t e r  of t h e  cubes (n = 0 . 0 )  and tvo  i n t e r -  
mediate  va lues  (n = 0.3, 0.7). The f i g u r e s  show 
c 
Figure 4. Temperature p r o f i l e s  i n  f r a c t u r e s  and 
rock mat r ix ;  I = 0.1. 
Figure 5 .  Temperature p r o f i l e s  i n  f r a c t u r e s '  and 
rock mat r ix ;  t = 1.0. 
t h a t  a t  e a r l y  times (T = 0.1) t h e r e  i*s a con- 
s i d e r a b l e  d i f f e r e n c e  between t h e  temperature  pro- 
f i l e s  in  t h e  f r a c t u r e s  and t h e  rock matr ix .  A t  
l a t e r  times t h e  curves  s t a r t  t o  converge, a l though 
t h e  cold water  f r o n t  is c o n s t a n t l y  moving away 
from the  well. A t  a dimensionless  t h e  of 
T = 1.0 t h e  temperature  p r o f i l e s  are p r a c t i c a l l y  
i d e n t i c a l  i n  t h e  f r a c t u r e s  and t h e  rock mat r ix .  
This  can be shown a n a l y t i c a l l y  by c o n s i d e r i n g  an 
asymptot ic  s o l u t i o n  f o r  t h e  l a t e  time behavior  o f  
equat ion  ( 6 ) .  
The reason f o r  t h i s  phenomenon is  t h a t  a t  
e a r l y  time t h e  co ld  water  shoots .  r a p i d l y  through 
t h e  f r a c t u r e s ,  i n c r e a s i n g  t h e  s u r f a c e  area f o r  
conduct ive h e a t  t r a n s f e r  between t h e  f r a c t u r e s  and 
t h e  rock mat r ix .  The l a r g e  s u r f a c e  area enhances 
energy t r a n s f e r  from t h e  rock  mat r ix  t o  t h e  frac-  
t u r e  f l u i d s ,  thus  r e t a r d i n g  t h e  advancement of  t h e  
co ld  water f r o n t  a long t h e  f r a c t u r e s .  This  i n  
t u r n ,  tends to  e q u i l i b r a t e  t h e  temperatures  i n  t h e  
f r a c t u r e s  and t h e  rock  m a t r i x . s o  t h a t  e v e n t u a l l y  
t h e  temperature  p r o f i l e s  away from t h e  w e l l  are 
i d e n t i c a l  f o r  t h e  f r a c t u r e s  and t h e  rock  mat r ix .  
PRACTICAL CONSIDERATIONS 
The most i n t e r e s t i n g  aspec t  o f  t h e  r e s u l t s  
obtained is t h a t  even f o r  f r a c t u r e d  r e s e r v o i r s  , 
uniform energy sweep of t h e  r e s e r v o i r  can be 
obtained.  A uniform energy sweep w i l l  maximize 
the  amount of recoverable energy from the re- 
source.  A necessary  requirement f o r  such condi- 
t i o n s  is t h a t  t h e  i n j e c t i o n  w e l l s  be a p p r o p r i a t e l y  
loca ted  with r e s p e c t  t o  t h e  product ion  wells. 
S i m i l a r  conclus ions  were obta ined  by Bodvarsson 
and Tsang (1982) f o r  t h e  case o f  h o r i z o n t a l  
f r a c t u r e s  only ;  however i n  t h a t  c a s e  t h e  c r i t e r i a  
f o r  proper s i t i n g  of  t h e  i n j e c t i o n  vells are 
d i f f e r e n t  from what w e  propose here  f o r  n a t u r a l l y  
f r a c t u r e d  r e s e r v o i r s .  
For t h e  des ign  of  an i n j e c t i o n  system f o r  
n a t u r a l l y  f r a c t u r e d  r e s e r v o i r s  mathematical 
express ions  t h a t  can be used t o  c a l c u l a t e  t h e  time 
and r a d i a l  d i s t a n c e  from t h e  i n j e c t i o n  wells where 
uniform sweep c o n d i t i o n s  p r e v a i l  a r e  q u i t e  usefu l .  
Figure 4 shows t h a t  uniform energy sweep condi t ion  
w i l l  p r e v a i l  when: 
c (& + e )  = 1 = 1.0 ( 7 )  
In genera l  4 >> 0 so t h a t  equat ion  ( 7 )  can be 
w r i t t e n  in terms of r e a l  parameters a s :  
3 
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Inspec t ion  of equat ions  ( 8 s )  and (8b)  shows t h a t  
both t h e  time and r a d i a l  d i s t a n c e  o f  t h e  uniform 
energy sweep condi t ion  depend g r e a t l y  on t h e  
f r a c t u r e  spacing D. 
independent of  t h e  f r a c t u r e  a p e r t u r e  b. F r a c t u r e s  
possess ing  small  a p e r t u r e s  w i l l  c o n t a i n  very smal l  
amounts of  f l u i d s ,  so t h a t  even though f l u i d  
v e l o c i t i e s  a r e  high very  l i t t l e  energy is  needed 
t o  i n c r e a s e  t h e  temperature .  
However, both q u a n t i t i e s  a r e  
Now l e t  us  cons ider  an i n j e c t i o n  wel l  i n  a 
n a t u r a l l y  f r a c t u r e d  r e s e r v o i r  using t h e  parameters 
shown i n  Table  1. I f  t h e  average f r a c t u r e  spacing 
is not known t h e  fol lowing express ions  can be 
ca lcu la ted .  
r = 2.6 x D (meters)  ( 9 s )  
(9b) 
2 tc 0.01 x D ( y e a r s )  
Thus, f o r  an average f r a c t u r e  spacing of  50  
meters, uniform energy sweep c o n d i t i o n s  w i l l  
p r e v a i l  130 m away from t h e  w e l l  a f t e r  25 y e a r s  
of i n j e c t i o n .  
Table  1: Parameters Used i n  Example 
I n j e c t i o n  rate, q : 20 kgls 
Fluid  d e n s i t y ,  pw : 1000 kg/m3 
F l u i d  h e a t  c a p a c i t y ,  cy ' : 4200 J/kg.*C 
Thermal conduct iv i ty ,  X : 2.0 J/m.s.'C 
Reservoi r  th ickness ,  H : 500 m 
Rock d e n s i t y ,  pr : 2700 kg/m3 
Rock h e a t  c a p a c i t y ,  cr : 1000 J/kg.'C 
I n  summary, we have developed a model t h a t  can be 
used t o  determine proper l o c a t i o n s  and flow rates 
o f  i n j e c t  ion wells i n  n a t u r a l l y  f r a c t u r e d  reser- 
v o i r s .  
j e c t  ion operat  ion so t h a t  maximum energy recovery 
from t h e  resource  is obtained.  












t :  
T: 
Frac ture  a p e r t u r e  (m) 
Frac ture  spacing (m) 
Reservoir th ickness  (m) 
1312: modified s p h e r i c a l  Bessel func- 
t i o n s  of t h e  f i r s t  kind 
Laplace parameter 
P o r o s i t y  (-1 
I n j e c t i o n  r a t e  (m3/s) 
Radial  coord ina te  (m) 
Radial d i s t a n c e  from i n j e c t i o n  well t o  the  
l o c a t i o n  of  uniform energy sweep 
Time (seconds) 
Time of uniform energy sweep (seconds)  
Temperature ('C) 
Ti :  I n j e c t i o n  temperature  ('C) 
To: I n i t i a l  r e s e r v o i r  temperature  ('C) 
TTF: The isotherm def ined  a s  t h e  "thermal f ront" ,  
u: - Temperature i n  f r a c t u r e  i n  Laplace domain 
v: Temperature i n  rock  m a t r i x  i n  Laplace domain 
t :  Rock mat r ix  c o o r d i n a t e  (m) 
A: 
oc: Volunet r ic  h e a t  c a p a c i t y  (J/m3.'C) 
Subscr ip ts :  
TTF (Ti  + To)/2 
Thermal c o n d u c t i v i t y  of  rock mat r ix  
(J/m. s .'C) 
f :  F r a c t u r e  
r: Rock mat r ix  
w: Liquid water 
ACKNOWLEDGEMENT 
C r i t i c a l  review of  t h i s  manuscr ipt  by 
S. Benson, C. Doughty, H. Lippmann and K. Pruess  
is most apprec ia ted .  T h i s  work was supported by 
t h e  A s s i s t a n t  S e c r e t a r y  f o r  Conservat ion and 
Renewable Energy, O f f i c e  of  Renewable Technology, 
Div is ion  of Geothermal and Hydropower Technolo- 
g i e s  of t h e  U.S. Department of  Energy under 
Contract  No. DE-AC03-76SF00098. 
REFERENCES 
Bodvarsson, C., On t h e  temperature  o f  water  flow- 
ing through f r a c t u r e s :  J. Geophys. Res., 
Vol. 74, No. 8, 1969. 
Bodvarsson, C., Thermal problems i n  t h e  s i t i n g  of  
r e i n j e c t i o n  wells: Ceothermics, Vol. 1, 
NO. 2, 1972. 
Bodvarsson, C.S., and Tsang, C.F., I n j e c t i o n  and 
thermal  breakthrough i n  f r a c t u r e d  geothermal  
r e s e r v o i r s :  J. Ceophys. Res., Vol. 87, No. 
82, pages 1031-1048, 1982. 
n a t u r a l l y  f r a c t u r e d  r e s e r v o i r s ;  paper i n  
p r e p e r a t i o n ,  1982. 
Japan: paper presented  a t  t h e  C a l i f o r n i a  
Regional SPE meet ing,  Bakers f ie ld ,  Cal i -  
f o r n i a ,  SPE-9925, (March 25-26) 1981. 
L e i ,  C.H., and Bodvarsson, C.S.,: V e r i f i c a t i o n  
of t h e  HINC method, i n  p r e p a r a t i o n ,  1982. 
Lauwerier, H.A., The t r a n s p o r t  of h e a t  i n  an o i l  
l a y e r  caused by t h e  i n j e c t i o n  of  hot  f l u i d :  
Appl. Sc i .  Res. S c a t .  A . ,  5, 145, 1955. 
method f o r  modeling f l u i d  and hea t  flow i n  
f r a c t u r e d  porous media: paper presented at 
the  6 t h  annual meeting of SPE i n  N e w  Or leans ,  
SPE-20509, ( J a n .  31-Feb. 21, 1982. 
t ransforms:  Communications of ACM, Vol. 
13, p. 44-49, 1970. 
Warren, J . E . ,  and Root, P.J . ,  The behavior  of nat-  
u r a l l y  f r a c t u r e d  r e s e r v o i r s :  Soc ie ty  of 
Petroleum Engineers  J o u r n a l ,  September 1963, 
pp. 245-255. 
Bodvarsson, C.S., and L a i ,  C.H., I n j e c t i o n  i n t o  
Horne, R.,  Geothermal r e i n j e c t i o n  exper ience  i n  
Pruess ,  K., and Narasimhan, T.N., A p r a c t i c a l  
S t e h f e s t  , H., Numerical invers ion  of Laplace 
4 
This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author@) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 
Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 

